Summary Background
Every year, more than 40,000 Americans die and several hundred thousand are injured in transportation-related incidents, mainly from motor vehicle accidents. A small number of these fatalities and injuries result from the unintentional release of hazardous materials during transport. For example, during each of the past 15 years, approximately 10 people died as a result of fires that occurred in gasoline-truck accidents, with truck drivers accounting for approximately 7 of the IO deaths. Given that a typical American family uses approximately a tanker-truckful of gasoline every 5 to 10 years, trucks must transport very large quantities of gasoline around the country to meet demand -about 10 to 20 million shipments a year. As a result, there are many opportunities for accidents, and the available statistics provide relatively reliable data concerning the fatality and injury risks of accidents and fires associated with transporting gasoline.
For most hazardous materials, however, estimating the fatality and injury risks associated with their transportation is more difficult. Approximately 100,000 shipments of chlorine occur each year, which means that far fewer opportunities for accidents exist and that the few accidents that have occurred do not provide reliable data for estimating future risks. For example, since 1985, only one fatality and a handful of injuries have occurred as the result of accidents involving the transportation of chlorine in the United States. In addition, unlike gasoline-truck fires, which typically affect only the people involved in the accident, releases of toxic chemicals can kill and injure people located relatively far from the accident. Thus, these types of accidents often have the potential to cause large numbers of deaths and injuries, and as a result, often lead to large-scale evacuations. Similar issues arise for hazardous substances that are explosive.
While review of the statistics alone might suggest that accidents associated with the transportation of hazardous materials should not be a major concern, these accidents can have enormous impacts when they occur. As a result, the failure to identify and evaluate opportunities to reduce the risks from these types of relatively rare accidents could ultimately lead to thousands of fataIities, injuries, and evacuations. Fortunately, risk assessment tools now combine experience w i t h engineering analysis and a thorough understanding of the various factors affecting risk to support a comprehensive and integrated approach to risk management. While these tools are not perfect, they do enable numerical estimation of the risks from transportation of diverse classes of hazardous materials on a national scale. This report presents a study that is a first step in that direction -a national risk assessment for transportation of selected hazardous materials.
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Purpose and Scope
The purpose of this National Transportation Risk Assessment (NTRA) study is to quantitatively characterize the risks associated with the transportation of selected hazardous materials on a national basis. At the center of this study is a detailed risk assessment of the transportation of six toxic-by-inhalation (TIH) materials that represent acute inhalation hazards, liquefied petroleum (LP) gas, gasoline, and explosives. The TM materials include chlorine, ammonia, sulfur dioxide, hydrogen fluoride, fuming sulfuric acid, and fuming nitric acid, and coIlectiveIy represent at least 90% of .transportation risk from all TIH materials. The report evaluates the risks of these substances for both truck and rail transportation and for both accident situations and nonaccident releases that occur due to container or valve failures while the material is en route. For LP gas, gasoline, and explosives, the report addresses only accident-related incidents for highway transportation because highway incidents dominate the transportation-related risk for these materials.
The objectives of the NTRA study are to (1) characterize the relative risks of transporting the selected hazardous materials by evaluating the potential health impacts (defined as fatalities and injuries) for the public (including workers) from accidental releases and (2) to evaluate the probability that certain consequences m i ght occur in a specified period. For TIH materials, the report estimates acute health impacts from inhalation of toxic vapors, whereas for flammable materials and explosives, the report estimates health impacts due to thermal radiation from flash fires or fireballs and blast effects from explosions.
This study does not address the risks associated with non-THI nonflammable chemicals, such as regular sulfuric acid, sodium hydroxide, radioactive materials, or infectious substances. Also, the study does not evaluate risks associated with the transportation of hazardous materials by aircraft, waterborne vessels, or pipelines.
Finally, while this study focuses on identifying and quantifying transportation risk, furtue studies are needed to apply these results to risk management efforts.
Methodology
This study reports risk estimates for gasoline on the basis of reliable historical fatality and injury data from the U.S. Department of Transportation (DOT) Hazardous Materials Information System (HMIS) database. For other hazardous substances, the historical data in the HMIS database did not provide sufficient information for direct estimation of risks. As a result, a risk assessment model was developed that relies extensively on a more general array of hazardous-material-transportation-related statistical data taken primarily from the HMIS database, including temporal incident rates, discharge fractions, and ignition probabilities for flammable and explosive materials. It also relies on commodity flow and routing information obtained from national commodity flow surveys and rail waybill data available at the time of the study. Other resources used include (1) a detailed consequence assessment model, which provides emission rates and atmospheric dispersion estimates for TIH material releases, as well as thermal radiation and blast overpressure from flammable materials and explosives incidents; (2) routing modeIs, which provide routes and population density distributions for both highway and shipments; and (3) National Weather Service meteorological observations for 64 U.S. cities, which provide necessary weather and climate data for emission rate and dispersion analyses.
The risk assessment model uses probabilistic sampling of input variables to calculate long-term averages of the resulting risks. The model analyzes available commodity flow data and shipment information to determine the primary shipping corridors, shipment sizes, and overall shipment volume. Existing DOT regulations for transporting hazardous substances form the basis for determining the specifications of tank cars, cargo tanks, and package freight containers in transport. The model relies on separating the total national commodity flow for each material into a Iarge number of representative shipments to capture the variations of accident probability, population density, and meteorology that characterize the transportation risk for that material. For each representative shipment, the model assesses the probabilities of fatalities and injuries for a specified period of operation, and it then combines the results of individual shipments to estimate the transportation risk profile for each material considered.
Results
This study affirms that compared to the other types of transportation risks encountered by the public (provided at the top of Table S. 1) the overall societal risks due to hazardous materials transportation (provided at the bottom of Table S.1) remain relatively low. However, the potential exists for very serious accidents involving large numbers of fatalities and injuries, especially for TlH materials, although the probability of such events is very low. In addition, this study reveals areas of substantially higher risk relative to hazardous materials transportation risk as a whole.
The results suggest that approximately 1 8 fatalities and 122 injuries will occur on average each year from the combined unintentional releases resulting from highway and rail transportation of T M materials and from highway transportation of LP gas, gasoline, and explosives. Because of the very large amounts of gasoline transported, the average projected annual fatalities due to gasoline transportation substantially exceed those from transportation of TM materials, LP gas, and explosives. For TIH materials, the fact that rare accidents can produce very large consequences greatly increases the average fatality and injury estimates over what has been observed in the recent past. As a result, the number of fatalities and injuries in most years falls below the average annual values, with a very small percentage of years having a large number of fatalities and injuries as a result of a very unlikely, but very large, incident. The influence of Iow-probability events also affects the fatality and injury estimates of LP gas and explosives, but much less than it affects the risk estimates for TIH materials. Low-probability events have little influence on gasoline transportation risk. Considering fatality risks on a per-ton-mile basis, the risks from LP gas substantially exceed the risks for gasoline, TIH, and explosives (Figure S.2) . Considering injury risks per ton-mile, TIH materials and LP gas carry a similar level of risk, with gasoline and explosives carrying substantially lower per-ton-mile injury risks.
Limitations
While the risk assessment methods used in this study are state of the art, imprecision of certain input data leads to limitations of the results. Specifically, uncertainty about the commodity flow and routing data for some individual materials, the degree of underreporting in the HMIS database, and the failure rates of package freight containers and certain bulk containers required the use of assumptions that might not fully represent actual practice. Given the inherent uncertainties in the statistical data and consequence models used in the study, the absolute values of the risk assessment results are less significant than the relative values, and small differences in values (a factor of 3 or less) may not prove to be statistically significant as more accurate models, assumptions, or data become available. Nevertheless, the quantitative results have a significant value in addressing not only the types of incidents that lead to the greatest risk but also the level of risk incurred from hazardous materials transportation. Despite these limitations, the methodology developed in this study can be a useful tool in assessing the impacts of specific risk management decisions (routes, modes, packaging) and in characterizing the expected benefits of particular regulatory options.
Appendix B Top 150 Hazardous Materials
Transported by Rail, 1986-1 995 Table B . I lists the top 150 most heavily shipped hazardous materials transported by rail from 1986 to 1995 in total ton-miles. Table B . 1 was compiled by performing a detailed analysis of the Association of American Railroads (AAR) waybill records. For each material, the Standard Transportation Commodity Code (STCC), the number of waybill samples, the total number of cars shipped, and the total number of ton-miles are provided. Table B . 1 is sorted in total ton-miles. Total number of cars shipped, and the total number of ton-miles were estimated by using mileage and lading weights provided in the actual waybill samples together w i t h the exact expansion factor given in each sample (Section 4.2 discusses the Waybill Sample and the use of expansion factors). Because STCCs often change for individual materials, many materials given in the tabIe have multiple STCCs because 10 years of data are included. Such materials are noted with an asterisk, and the most prevalent STCC is given. Materials designated by the U.S. Department of Transportation as toxic by inhalation (TIH) are listed in bold. The TIH materials in the top 150 hazardous materials shipped include ammonia, chlorine, ethylene oxide, hydrogen fluoride, sulfur dioxide, fuming sulfuric acid, ethylene oxide (with nitrate), hydrogen chloride, titanium tetrachIoride, and fuming nitric acid. 
